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Oligomeric amyloid B associates with postsynaptic
densities and correlates with excitatory synapse loss
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Synapse loss correlates with a cognitive decline in Alzheimer’s disease
(AD), but whether this is caused by fibrillar deposits known as senile
plaques or soluble oligomeric forms of amyloid B (Ap) is controversial.
By using array tomography, a technique that combines ultrathin
sectioning of tissue with immunofluorescence, allowing precise quan-
tification of small structures, such as synapses, we have tested the
hypothesis that oligomeric AB surrounding plaques contributes to
synapse loss in a mouse model of AD. We find that senile plaques are
surrounded by a halo of oligomeric AB. Analysis of >14,000 synapses
(represented by PSD95-stained excitatory synapses) shows that there
is a 60% loss of excitatory synapses in the halo of oligomeric Ap
surrounding plaques and that the density increases to reach almost
control levels in volumes further than 50 um from a plaque in an
approximately linear fashion (linear regression, r? = 0.9; P < 0.0001).
Further, in transgenic cortex, microdeposits of oligomeric AB associ-
ate with a subset of excitatory synapses, which are significantly
smaller than those not in contact with oligomeric AB. The proportion
of excitatory synapses associated with A correlates with decreasing
density (correlation, —0.588; P < 0.0001). These data show that senile
plaques are a potential reservoir of oligomeric AB, which colocalizes
with the postsynaptic density and is associated with spine collapse,
reconciling the apparently competing schools of thought of “plaque”
vs. “oligomeric AB" as the synaptotoxic species in the brain of AD
patients.
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Loss of connectivity caused by neuronal death and synapse loss
is thought to underlie cognitive decline in neurodegenerative
conditions, such as Alzheimer’s disease (AD). Synapse loss appears
to be particularly important in the pathogenesis of AD. Indeed, it
is known that synapses are lost during AD and that in AD tissue,
synapse loss correlates strongly with cognitive decline (1-3). There
is a growing consensus, based primarily on cell-based assays, that
amyloid B (ApB), the main component of senile plaques, is toxic to
synapses (4-6). In both AD patients and animal models of the
disease, synapse loss is greatest near senile plaques, indicating a link
between amyloid pathology and synaptotoxicity in vivo. Work by
several groups has shown a decrease in dendritic spine density and
synaptophysin-positive synapses radiating out from the surface of
plaques in mouse models of AD (7-10). Whether this is caused by
fibrillar plaques or soluble oligomeric A is controversial. We used
multiphoton imaging of the living brain to show that this spine loss
is caused by impaired spine stability over time near plaques and
postulated that a plaque-related diffusible bioactive molecule was
responsible (11). Here, we test the hypothesis that oligomeric AR is
directly synaptotoxic.

We hypothesize that soluble oligomeric AB associates with the
postsynaptic density and causes the loss of synapses and spines
observed around plaques. Previous studies into synapse density and
molecular interactions at the synapse were limited by the small size
of synapses, which approaches the limit of the z-resolution of
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conventional light, confocal, and multiphoton microscopy, causing
conventional methods to overestimate synapse density and make it
difficult, if not impossible, to detect subtle differences in synapse
density and composition. We circumvent these problems by exam-
ining synapse density and the interaction of oligomeric AB with
synaptic proteins with a new imaging technique called array to-
mography (12). Using this technique, we quantitatively assess
plaque-associated excitatory synapse loss in a mouse model of
amyloid deposition and demonstrate that a subset of postsynaptic
densities interacts with microdeposits of oligomeric amyloid, par-
ticularly in a halo of oligomeric AB that surrounds the dense core
of plaques. Density of postsynaptic densities (PSDs) decreases
significantly near plaques in this model and correlates negatively
with the proportion of oligomeric AB-positive PSDs. Importantly,
PSDs that are associated with oligomeric A are smaller than those
in the same microenvironment that are not, implicating oligomeric
AP in initiating an long-term depression (LTD)-like change in
synaptic biology.

Results

Senile Plaques Contain, and Are Surrounded by, a Halo of AB Oli-
gomers. We hypothesize that oligomeric AB surrounding senile
plaques interacts with synapses and contributes to plaque-
associated synapse loss. The first prediction of this hypothesis is that
senile plaques contain or are surrounded by a halo of oligomeric
AB. We tested this prediction by injecting AD transgenic mice
(hereafter called APP/PS1 mice) that express mutant human
presenilin 1 (DeltaE9) and a humanized mouse amyloid precursor
protein with the Swedish mutation (13) with methoxy XO4 to label
the dense core of plaques. We then topically applied the well-
characterized, oligomer-specific NAB61 antibody (14) directly con-
jugated to a red fluorescent dye to the cortical surface and used
multiphoton imaging to examine oligomeric A in the living brain.
Despite the low signal of the NAB61 antibody, oligomeric A was
clearly present in plaques and cerebral amyloid angiopathy (CAA),
and there appeared to be a halo of oligomeric AB surrounding
plaques in vivo (Fig. 1). To analyze the properties of this NAB61-
positive halo quantitatively, we examined the relationship of
NABG61 immunoreactivity to methoxy XO4 plaques in postmortem
histological sections. We found that the dense cores of amyloid
plaques indeed both contained and were surrounded by a halo of
AP oligomers in this mouse model (Fig. 1). In 99 of 100 plaques
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plaque core (methoxy X-O4) oligomeric AB (NAB61)

Fig. 1. Oligomeric AB is present in the dense core of amyloid plaques and in a
halo surrounding the core. (A) NAB61 antibody conjugated to Alexa Fluor 594
(red) applied topically in vivo shows oligomeric AB surrounding dense plaques
(labeled with methoxy XO4; blue). (B) Postmortem staining of dense plaques by
using methoxy XO4 (blue) and oligomeric A by using NAB61 antibody (red)
confirms that oligomeric AB is found in the core of plaques and in an area
surrounding the core. (Scale bar: 10 um.)

analyzed, the area of NAB61 staining was larger than that of
methoxy staining. On average, the NABG61-stained area was
556.7 = 437.5 pwm? larger than the methoxy staining, which only
showed the dense core of the plaque [P < 0.0001, Student’s ¢ test;
supporting information (SI) Fig. S1]. Assuming that plaques are
approximately spherical, these data indicate that the halo of oligo-
meric A surrounding each plaque core was 1.8 times the volume
of the dense core, and the halo of oligomeric AB extended, on
average, 6.5 = 4.1 um in all directions from the edge of the dense
plaque. A 3D reconstruction of a plaque, core, halo, and surround-
ing synapses from an array tomogram illustrates the extent of the
halo of oligomeric AB surrounding the plaque core (Fig. 2 and SI
Movie S1).

Precise Quantification of PSD Loss near Amyloid Plaques. As seen in
the reconstruction in Fig. 2, PSD staining was greatly reduced in the
core of dense plaques and the area surrounding the core. It has been
known for years that synapse loss occurs in AD and correlates with
cognitive decline (1-3), and the association of amyloid plaques with
local dendritic spine loss has been observed in mouse models of AD
(7-9). Because we postulate that oligomeric AB acts at the PSD to
cause spine loss, we have used array tomography to examine
excitatory synaptic density specifically. We confirmed that the
PSD95 antibody used is an accurate marker of PSDs in two ways:
first by confirming colocalization with the NMDA NR2A subunit,
and second by observing apposition of PSD95 puncta with synap-
tophysin-labeled presynaptic terminals (Fig. S2).

We examined excitatory PSDs in volumes at known distances
from a plaque and in nontransgenic cortex to assess accurately the
relationship between the presence of the plaque, of oligomeric AS,
and PSD loss. A total of 3 APP/PS1 animals and 3 nontransgenic
animals were used for analysis, with 8,890 synapses counted in 130
cortical sites in APP/PS1 cortex and 5,893 synapses counted in 67
cortical sites in nontransgenic cortex.

We found that compared with control animals, APP/PS1 trans-
genic mice had a 36.6% reduction in average excitatory synapse
density, from 1.52E-9 + 0.39E-9 PSD-labeled synapses per mm? in
wild-type cortex to 9.64E-8 * 4.63E-8 PSD-labeled synapses per
mm? in APP/PS1 cortex (ANOVA Fj 195 = 71.148, P < 0.0001).
Excitatory synapse loss in APP/PS1 cortex was exacerbated near
plaques, with significant decreases approaching the plaque edge
(Fig. 3). Density of PSDs correlated with distance from halo edge
(correlation coefficient, 0.706; P < 0.0001). In the dense core of the
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Fig. 2. A 3D reconstruction from array tomography images of a 60 um X 60
pm X 20 um volume of APP/PS1 cortex shows that a large volume of cortex
around the dense core of the plaque (ThioS; blue) is occupied by a halo of
oligomeric AB (NAB61 staining; red). Further, the 3D reconstruction illustrates
that postsynaptic densities (PSD95 stain; green) are lost both within the plaque
core (arrow; A), and in the area surrounding the core (arrowhead; C), which is
within the halo of oligomeric Ag (B and D).

plaque, we found only rare PSD95-positive puncta (13 total puncta
in 12 plaque cores analyzed of 8,890 total synapses counted in
APP/PS1 mice), representing a 94% decrease from control synapse
density (ANOVA genotype-independent variable split by distance
from plaque, F1,3 = 112.172, P < 0.0001).

In the halo of oligomeric AB surrounding the plaque core, there
was a 59% reduction in excitatory synapse density compared with
control levels (Fj23 = 39.737, P < 0.0001). In volumes an average
of 5 um from the halo edge, there was a 40% decrease in PSD
density compared with control levels (Fy 9 = 44.221, P < 0.0001),
and in volumes an average of 15 wm from the halo edge, there was
a28% loss compared with control levels (Fy 30 = 19.491, P = 0.001).
Synapse density increased in an approximately linear fashion from
the edge of the plaque core to reach almost control levels in volumes
further than 50 wm away from the nearest plaque (linear regression
of average synapse density points excluding the plaque core, which
is postulated to have no functional synapses; 72 = 0.901, P < 0.0001).
In nontransgenic cortex, distance to a randomly placed phantom
plaque did not have any effect on synapse density (P > 0.05 in
ANOVA and correlation tests).

As well as a decrease in excitatory synapse density in APP/PS1
cortex, we observed decreased PSD size. In wild-type cortex,
PSD95 puncta had a median size of 0.033 um?3, whereas in APP/PS1
transgenic cortex, PSD95 puncta were 0.019 um?3, a reduction of
~40% (Mann-Whitney test, P < 0.0001). This reduction in size did
not change with respect to distance from the plaque (Kruskal-
Wallis test, plaque distance as independent variable, split by geno-
type, P > 0.3 in both APP/PS1 and wild-type groups). Reduced
spine size possibly indicates disrupted function in the remaining
synapses, which are already fewer in number than control values, as
seen above. A reduction in spine size could be functionally relevant
because LTD is associated with dendritic spine shrinkage (15).

These data demonstrate, in a level of detail unattainable from
standard immunohistochemical preparations, that excitatory syn-

PNAS | March 10,2009 | vol. 106 | no.10 | 4013

NEUROSCIENCE


http://www.pnas.org/cgi/data/0811698106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0811698106/DCSupplemental/Supplemental_PDF#nameddest=SM1
http://www.pnas.org/cgi/data/0811698106/DCSupplemental/Supplemental_PDF#nameddest=SM1
http://www.pnas.org/cgi/data/0811698106/DCSupplemental/Supplemental_PDF#nameddest=SF2

"'4 »e

'NAB61 Thioflavin S

@)

synapse density (PSD/mm?3)

1.80E+09 1
1.60E+09 A
1.40E+09 -
1.20E+09 1
1.00E+09 -
8.00E+08 -
6.00E+08 -
4.00E+08
2.00E+08
0.00E+00 T T T T T T )
-2.00E+08 core halo  0-10um 11-20um 21-30um 31-40um >50um

distance to halo edge

Fig. 3. Precise quantification of PSD loss using array tomography. Postsyn-
aptic densities (PSD95; green), oligomeric AB (NAB61; red), plaque cores
(ThioS; blue), and nuclei (DAPI; blue) were stained on ribbons of 70-nm
sections of APP/PS1and nontransgenic cortex (part of asingle section from the
APP/PS1 cortex shown in A and B). To quantify the relationship between
synapse loss and proximity to a plaque, images were taken of the same area
on serial sections, the volumes aligned, and PSD95 puncta density was ana-
lyzed. Volumes were chosen within the plaque core (box C in B), the halo of
oligomeric AB surrounding the core (arrow in A, box H in B), and in volumes
extending out from the edge of the halo in 10-um increments. Quantification
(C) reveals significant PSD loss compared with control cortex (dotted line
shows control average, ANOVA PSD density-dependent variable, genotype-
independent Fy195 = 71.149, P < 0.0001). Density of PSDs also decreases in
APP/PS1 cortex in areas near plagues (ANOVA synapse density-dependent
variable, distance category independent split by genotype Fs 123 = 36.323, P <
0.0001; synapse density correlates with average distance from halo edge
correlation coefficient 0.706, P < 0.0001). *, P < 0.05 ANOVA split by distance
category comparison to control average. (Scale bar: 10 um.)

apse density decreases progressively approaching plaques in a
mouse model of plaque deposition.

Oligomeric AB Is Present at a Subset of PSDs and Correlates with
Synapse Loss. Our observations suggest that there is a halo of
oligomeric A surrounding dense plaques in a region with ~60%
synapse loss and a linear increase in synapse density from the halo
outward. We went on to test the hypothesis that oligomeric AB
might be present at PSDs and account for the synapse loss radiating
out from a plaque. We used array tomography to examine whether
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Fig. 4. Oligomeric AB associates with PSDs. (A) Projection of images of array
sections (500-nm total thickness) that have been processed by using the water-
shed analysis program (thresholded and puncta present in only one section
excluded) show postsynaptic densities (green) and oligomeric A (NAB61; red).
(B) Higher-resolution projections from within the halo of oligomeric AB sur-
rounding a plaque further than 50 um from a plaque in APP/PS1 transgenic
mouse cortex and a volume from nontransgenic cortex show that oligomeric Ag
staining is present at some postsynaptic densities (yellow). (C) Z-projections of raw
images from an array of a mouse transgenic for YFP (stained green in C) and
APP/PS1 demonstrate that NAB61 puncta (red) contact dendritic spines (arrows
point to spine heads, yellow shows colocalization) both in the halo of oligomeric
ABsurrounding a plaque and distant from plaques. (Scale bars: Aand C, 5 um; B,
1T pm.

NABG61-positive microdeposits could be detected even outside the
halo and, if so, whether NAB61 puncta were associated with
synapses, and whether those synapses were specifically smaller than
those not in contact with oligomeric Ap.

We found that NABG61 labeled dense plaques, neuronal cell
bodies, and small punctate microdeposits in the neuropil that were
present both in the halo and extending out from the halo. Some
PSDs were associated with microdeposits of oligomeric AB (Fig. 4).
To confirm with an independent marker of postsynaptic sites that
oligomeric A contacts synapses, we stained arrays from an animal
transgenic for both the APP/PS1 genes and yellow fluorescent
protein (YFP) with NAB61. We confirmed that dendritic spine
heads contacted NAB61-positive microdeposits of A both within
the halo of oligomeric AB around plaques and distant from plaques

Koffie et al.
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Fig. 5. Quantification of oligomeric AB deposits and their association with
PSDs. (A) The burden of oligomeric AB (percentage neuropil volume occupied
by NAB61 staining) is increased in the APP/PS1 cortex compared with wild type
(dotted line) (Mann-Whitney test P < 0.0001). The oligomeric AB burden also
increases in volumes closer to plaques in APP/PS1 mice (Kruskal-Wallis test,
distance-independentvariable, split by genotype APP/PS1, P < 0.0001). (B) The
percentage of excitatory synapses positive for oligomeric A staining in-
creases near plaques in the APP/PS1 trasngenic cortex (Kruskal-Wallis test, P <
0.0001). Post hoc tests show that the percentage of PSDs interacting with
oligomeric AB is significantly higher than nontransgenic levels in the plaque
core and halo, and there is a trend toward an increase between 0 and 10 um
away from the edge of the halo. (C) NAB61 deposits are larger in APP/PS1 mice
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(Fig. 4). We further tested another antibody known to recognize
oligomeric AB (R1282) and found that it associated with a subset
of PSDs and costained puncta with NAB61, although the signal at
the synapse was much weaker than that of NAB61 (Fig. S3). We
also confirmed that NAB61 preferentially bound oligomeric species
over monomers (14) in transgenic mouse brain lysates and cell
culture preparations (Fig. S4).

The size of NAB61-positive oligomeric AB deposits outside of
the dense core of plaques was variable, ranging from smaller than
synapses (minimum, 0.002 pwm?), with the median value in trans-
genic cortex near the size of a synapse (0.01 wm?), up to a maximum
volume much larger than a synapse, resembling a “miniplaque” at
0.36 pwm?. In transgenic mice, these deposits were significantly
larger than the 0.009-um3® median size in nontransgenic animals
(Mann—Whitney test P < 0.0001), and there were deposits 10—40
times larger than the control median value in APP/PS1 cortex,
particularly near plaques (Fig. 5). Because of the large variability in
deposit size, instead of measuring density of oligomeric AB depos-
its, we measured neuropil volume occupied by NAB61 staining as
ameasure of cortical oligomeric AB burden (excluding plaque cores
and cell bodies). This burden was higher in transgenic cortex than
wild type (Mann—Whitney test P < 0.0001) and increased near
plaques (Kruskal-Wallis test, distance-independent variable, split
by genotype APP/PS1, P < 0.0001), coincident with the decrease in
synapse density approaching the plaque.

In control cortex, 0.897% (median) of PSDs were positive for
oligomeric A staining (Fig. 5). In APP/PS1 cortex, the colocal-
ization of PSD95 and oligomeric A significantly increased near
plaques, with 18% of synapses positive for oligomeric AB in the halo
(Kruskal-Wallis test, distance-independent variable, split by geno-
type APP/PS1, P < 0.0001). We know that NAB burden is 7.5% in
the halo and 1% in the 10-um area immediately outside of the halo,
and the volumes occupied by PSDs in these regions are 1% and 2%,
respectively. Thus, there is only a 2 in 10,000 to 7 in 10,000
probability (0.02-0.07% chance) that these two stains would colo-
calize by chance. We observed 18% colocalization in the halo and
3.5% in volumes within 10 um of the halo edge, >150 times chance
levels, supporting the idea that microdeposits of oligomeric A
target the PSD. Although our hypothesis primarily concerns the
effect of oligomeric A at the PSD and its effect on spine loss, we
also observed the expected loss of presynaptic material and occa-
sional association of NAB61 staining with a marker of presynaptic
vesicles (Fig. S5).

To examine the relationship between synapse density and the
percentage of synapses that colocalize with oligomeric AB, we
performed a statistical correlation of excitatory synapse density and
percentage of NAB61-positive PSDs in the same volumes. This
shows that density of PSDs negatively correlated with the propor-
tion of synapses positive for oligomeric AB staining (correlation
coefficient, —0.588; P < 0.0001). In further support of a synapto-
toxic role of oligomeric AB, we observed that PSDs in contact with
microdeposits of oligomeric AB were significantly smaller (median,
0.008 wm?) than those not in contact with NAB61-positive puncta
(median, 0.014 pm?3; Mann-Whitney test P = 0.0026). Proximity to

than in wild-type cortex (Mann-Whitney test P < 0.0001), with very large
deposits occurring, particularly in the halo (maximumsize, 0.36 um3). (D) A box
plot of postsynaptic density size shows that PSDs are smaller in the APP/PS1
cortex than in nontransgenic cortex (Mann-Whitney test P < 0.0001), with a
more substantial reduction in size in puncta associated with NAB61 deposits
(Mann-Whitney test P = 0.0026). Even in nontransgenic brain, PSDs associated
with oligomeric AB deposits are smaller than those not in contact with
oligomeric AB (Mann-Whitney test P = 0.0243). Together, these data indicate
that NAB61 interactions with the PSD may contribute to synapse loss. Data are
not normally distributed and thus are presented as median with minima and
maxima shown; control medians are dotted lines in A, B, and C. *, Post hoc
Mann-Whitney tests P < 0.05; #, P = 0.06.
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the plaque did not affect the size of spines contacting oligomeric A3
deposits (Kruskal-Wallis test distance-independent variable, split
by presence of NAB at the PSD, group with NAB61 staining, P =
0.4733), indicating that even far from plaques, oligomeric A is
harmful to synapses. In control animals, the small proportion of
PSDs contacted by deposits of oligomeric AB also was smaller than
those not contacted (medians, 0.015 um? and 0.03 um?, respec-
tively; Mann—Whitney test P = 0.0243), implying that oligomeric
AP may play a physiological role in synaptic plasticity because
smaller dendritic spines have been associated with LTD. Using
Western blotting we confirmed that NAB61 recognizes nonmono-
meric forms of AB in nontransgenic mouse brain and in lysates and
conditioned media from the N2A mouse cell line (Fig. S4), indi-
cating that the staining observed in nontransgenic brain is not
artifactual.

These data show that oligomeric AB is present at the postsynaptic
density in the brain, that it may play a role in synapse loss in AD,
and further indicate a putative normal role for oligomeric AB in
synaptic plasticity in the brain.

Discussion

Synapse loss is the strongest correlate of cognitive decline in AD
(1), and senile plaques are associated with local synapse and
dendritic spine loss (7, 8, 11). We postulated that bioactive plaque-
associated molecules lead to spine instability and that some form of
ABis involved because spine loss radiates outward from the surface
of plaques, and anti-AB antibodies normalize this to some extent
(16). Recent evidence strongly indicates that soluble forms of AS,
including small AB oligomers, induce synaptic changes and den-
dritic spine loss in cultured neurons and organotypic slices (4, 5,
17-20), and an oligomeric form of A correlates with memory loss
in the Tg2576 mouse model (21, 22). However, these data do not
discriminate between direct and indirect AB effects, or between
fibrillar and oligomeric AB. Our current study uses two new
techniques to examine these issues: first, array tomography allows
detection of individual synaptic elements and their protein com-
position (12), providing the ability to directly examine the relation-
ship of synapse loss to AB deposition; and second, we demonstrate
the use of an oligomer-specific AB antibody to visualize specific
conformational species of AB molecules (14).

We found that both postmortem and in vivo in a transgenic
mouse model overexpressing mutant human amyloid precursor
protein and presenilin, oligomeric AB can be detected within
plaques and in a halo that surrounds the dense elements of the
plaque and increases the volume by ~180%. Using array tomog-
raphy, we observed that density of PSDs decreased progressively
approaching amyloid plaques in this model, ranging from almost
normal density in volumes >50 wm from a plaque to almost
complete loss of PSDs (94% decrease) in the dense core of plaques.
Because of the space-occupying nature of the B-sheet structure of
the plaque core, which is largely composed of A, it is not surprising
that there was almost complete loss of synapses in the core, and this
correlates well with previous EM studies (23). We also observed a
striking loss of PSDs (59.5% compared with control) in the area of
cortex immediately surrounding the dense core, which was coinci-
dent with a halo of oligomeric AR surrounding the plaque. Finally,
by using array tomography, we observed that oligomeric A
associated with a subset of PSDs in the APP/PS1 cortex, that this
proportion increased in proximity to plaques, and that the PSDs
contacted by microdeposits of oligomeric AB were reduced in size.
We propose that the presence of oligomeric A at the synapse may
be toxic, contributing to plaque-associated synapse loss.

Based on these data, it is possible that oligomeric A is within the
synaptic compartments, as has been seen with EM (24), or that it
is bound to the extracellular surface of the spine. Further analyses
will be useful to determine the precise localization of oligomeric A3
around or within synapses. Interaction of oligomeric AB with
synapses may contribute to electrophysiological and behavioral
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deficits observed when it is injected into the brain (25, 26). Our
results may also explain why transgenic mice treated with antibodies
to remove oligomeric AB (NAB61, as used here) improve at spatial
learning and memory tasks (14). Removing oligomeric A from the
synapse may prevent further synapse loss and allow synaptogenesis
to occur or improve the function of synapses that had been
associated with the microdeposits of oligomeric Ap.

We observed shrinkage of PSDs in APP/PS1 transgenic mice,
which was exacerbated in those synapses contacting microdeposits
of oligomeric AB. These data imply that oligomeric A affects PSD
size. This could be associated with an LTD-like phenomenon
because LTD has been associated with spine shrinkage (15), and in
organotypic slice cultures, AB production has been shown to induce
synaptic depression through the same pathways induced in LTD (6).
In the APP/PS1 mice, shrinkage could result from interaction of
oligomeric AB with the PSD, causing internalization of receptors,
as seen in vitro (5, 6). PSD area is proportional to the number of
postsynaptic receptors (27) and correlates with the number of
presynaptic vesicles (28); thus, the size of the PSD is likely to be
proportional to the reliability and strength of the synapse, indicating
that shrinkage will affect synaptic activity. Our data show that
oligomeric AB contacts PSDs directly in the brain and, together
with these previous studies, support the hypothesis that oligomeric
AR at the synapse impairs synaptic plasticity and leads to synapse
collapse, thus contributing to synaptic dysfunction and cognitive
impairment.

In summary, our data indicate that oligomeric A may interact
directly at the synapse to cause dysfunction and spine collapse.
Together, the two observations that microdeposits of oligomeric
A surround plaques in a halo and extend into the neuropil, even
far from plaques, and that the oligomeric A is associated with a
phenotype of PSD shrinkage and synapse loss, suggest a way to
reconcile data that implicate either fibrillar AB or soluble oligo-
meric AP in neuronal dysfunction: that plaques act as a local
reservoir of soluble oligomeric AB, which acts as a toxic moiety to
synapses in the cortex.

Materials and Methods

Additional procedures are discussed in SI Materials and Methods.

Sample Preparation. To measure the size of the halo of oligomeric Ag around
plaques, AD transgenic mice (13) expressing mutant human presenilin 1 (DeltaE9)
and a chimeric mouse/human amyloid precursor protein, APPSwe (called APP/PS1
mice, n = 3, age 9 months), were injected with methoxy XO4 (=5 mg/kg i.p.) to
label dense plaques. The next day, mice were killed with CO,, and brains were
extracted and fixed in 4% paraformaldehyde with 15% glycerol cryoprotectant.
After postfixing at 4 °C for at least 48 h, brains were sectioned on a freezing
microtome (Leica) at 50-um thickness.

Sample preparation for array tomography was as outlined in ref. 12. Briefly,
APP/PS1 mice (n = 3, ages 8-13 months) and nontransgenic controls (n = 3)
were killed with CO; One animal expressing YFP and the APP/PS1 transgene
(age 22 months) was also used for array tomography. Tissue samples (=1 mm3)
were dissected from the somatosensory cortex and fixed in 4% paraformal-
dehyde, 2.5% sucrose in PBS for 3 h. The samples were dehydrated through
ethanol and into LR White resin (Electron Microscopy Sciences) and polymer-
ized overnight at 53 °C. Embedded blocks were cut into ribbons of 70-nm
sections on an ultracut microtome (Leica) by using a Jumbo Histo Diamond
Knife (Diatome).

Immunohistochemistry and Microscopy. For measurement of oligomeric AB
around plaques, 50-um floating sections were stained with an antibody specific
to oligomers of AB (NAB61; ref. 14) and an anti-mouse Cy3-conjugated secondary
antibody (Jackson ImmunoResearch). For array tomography analysis of excitatory
PSDs and oligomeric AB, ribbons of 70-nm sections were rehydrated in 50 mM
glycine in Tris-buffered saline and blocked in 0.05% Tween and 0.1% BSA in Tris.
Primary antibodies [mouse anti-AB oligomers (NAB61) and goat anti-PSD95;
Abcam] were applied at a 1:10 dilution in blocking buffer for 2 h, washed, and
secondary antibodies (donkey anti-goat Alexa Fluor 488, Invitrogen; and donkey
anti-mouse Cy3, Jackson ImmunoResearch) applied 1:50 in blocking buffer for 30
min. To stain plaques, 0.05% Thioflavin S in 50% ethanol was applied for 8 min
before differentiation with 80% ethanol for 30 s. Sections were counterstained
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with 0.01 mg/mL 4’-6-diamidino-2-phenylindole (DAPI) or mounted without
nuclear stain.

For each area of interest (identified by fiduciary markers, such as plaques or
nuclei), images were obtained on 7-20 serial sections through the somatosensory
cortex. Images of 1,024 X 1,024 pixels were acquired by using a Zeiss Axioplan
LSM510 confocal/multiphoton microscope (63 numerical aperture Plan Apoc-
hromatic water objective).

In Vivo Multiphoton Imaging. Transgenic animals (APP/PS1 transgenic, 8 months
old) were anesthetized, and a cranial window was implanted as described (8, 29).
Methoxy XO4 was injected (=5 mg/kg i.p.) 1 day before window implantation.
NABG61 directly labeled with Alexa Fluor 594 (kit from Molecular Probes) was
applied topically to the brain after dura resection for 30 min before window
sealing. Images of plaques in the living brain were acquired on a BioRad mul-
tiphoton microscope as described (8, 29).

Image Analysis and Statistics. Images were viewed and analyzed with Image J
(National Institutes of Health open software). For analysis of oligomeric AB
surrounding plaques, the blue channel (methoxy XO4) and red channel (NAB61)
were opened separately, thresholded, and the edges of the stain outlined to
determine the area occupied by the plagque core and oligomeric AB.

For array tomography data, each set of images was opened sequentially in
Image J, converted to stacks, and aligned by using the MultiStckReg and StackReg
plug-ins [courtesy of Brad Busse and P. Thevenaz et al. (30)]. Volumes at known
distances from a plaque were selected, and an automated, threshold-based
detection program was used to count puncta that appeared in more than one
consecutive section (WaterShed program, provided by Brad Busse, Stephen
Smith, and Kristina Micheva, Stanford University). An average PSD95-positive
puncta density was calculated for each volume sampled. In APP/PS1 cortex, we
sampled 130ssites in the cortex at known distances from a plaque (8,890 synapses
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total), and in nontransgenic cortex, we sampled 67 sites (5,893 synapses total) and
assigned them distances from a phantom plaque for analyses.

Watershed exported a thresholded image stack (separate for each channel)
showing puncta that were present in more than one slice of the array, and for
each puncta it reported punctasize. In Image J, the output stacks from PSD95 and
NABG61 staining for each region of interest were combined, and the number of
PSD95 puncta with any pixels that colocalized with NAB61 were counted and the
size of the PSD95 puncta contacting NAB61 deposits measured. A comparable
number of randomly chosen PSD95 puncta without NAB61 staining were also
measured for comparison, and these Image J measurements of 143 synapses were
directly comparable with the automated measurements of thousands of synapses
made by the WaterShed program. The percentage of NAB61-positive PSD95
puncta was calculated by dividing the number of NAB61-positive puncta by the
total number of PSD95 puncta in each region of interest. Synapse densities were
calculated by dividing the number of PSD95 puncta by the volume of tissue
sampled.

Normality of data was assessed by using the Shapiro-Wilks test. Synapse
density data, which were normally distributed, were analyzed by using ANOVA
to compare mean synapse density of all volumes measured. Pearson correlations
were used to determine correlations. Nonnormal data were compared by using
Mann-Whitney U'tests (for comparisons of 2 groups) and Kruskal-Wallis tests (for
comparisons of >2 groups; for example, distances from a plaque edge). Calcu-
lated comparisons were at confidence interval 95%; i.e., P < 0.05 was considered
significant. All values of normal data are reported in mean = SD, and nonnormal
data are presented as medians with minimum and maximum values.
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